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Introduction
Thermochemical processes are developed to convert lignocellulosic biomass into valuable products. Pyrolysis -thermochemical degradation of organic matter under an inert atmosphere -is investigated in order to obtain bio-oils and chars. Bio-oils contain a wide range of chemicals which can be of interest or can be used as fuels. However, bio-oils are known to be unstable over time and to be very sensitive to heat. Bio-oils also suffer from a low "lower heating value" (LHV) and a high viscosity [1] . Thus, there is a consensus to say that catalysis is needed to improve the pyrolysis product quality. Transition metals are currently used as catalysts for the production of chemicals and fuels. For instance iron and cobalt are involved in the Fischer-Tropsch process although copper and zinc are rather used in methanol synthesis. Nickel catalysts are involved in hydrogenation/dehydrogenation processes.
Different catalytic strategies were reported in the literature to improve the pyrolysis product quality. Most of the time, the catalysts are supported on alumino-silicate structures, like zeolites [2] . Catalysts can be mixed with the biomass within the reactor [3] , or placed in a fixed-bed at the outlet of the pyrolysis reactor [4] , or used as a bed material in fluidised bed reactors [5] . Pyrolysis of metal salt impregnated biomass has also been considered. In this case, the catalyst is very close to the lignocellulosic structure and is supposed to act directly on the primary reactions. This approach is another promising catalytic strategy. A lot of studies reported that metals remain in chars after pyrolysis and that those metals can be recovered after char combustion [6] [7] [8] . Thus, metal recycling from chars is easier than their recycling from alumino-silicate structures.
A large number of metal salts have been impregnated in biomass for comparing their catalytic performance. Lu et al. [9] have compared the products derived either from the pyrolysis of ZnCl 2 impregnated biomass or from the pyrolysis followed by vapour catalysis with ZnCl 2 . Impregnation was found to favour the formation of water, furfural and anhydrosugars. Jakab et al. [10] cellulose pyrolysis and found that it mainly act on anhydrosugar yields. CoCl 2 impregnation in almond shells was reported by Conesa et al. [11] for increasing furfural, H 2 and water yields. On the other hand, Khelfa et al. [12] showed that impregnation of MnCl 2 and NiCl 2 has a negligible impact on lignin pyrolysis. Collard et al. [13] showed that impregnation of cellulose with Fe(NO 3 ) 3 and Ni(NO 3 ) 2 catalyses both water and CO 2 production.
A wide variety of anions -chlorides [14, 15] , nitrates [16, 17] , hydroxides [15] , carbonates [15] , acetates [10, 15] , sulfates [17, 18] and phosphates [18] -has been considered in the literature dedicated to catalytic pyrolysis. It has been shown that anions have an impact on the pyrolysis products. Indeed, Conesa et al. [11] reported the formation of chloromethane when using CoCl 2 . Dobele et al. [18] compared the role of Fe 2 (SO 4 ) 3 and Fe 3+ during cellulose pyrolysis, focusing on anhydrosugar formation. Sulfate anion seems to play the role of an acidic catalyst as it reduces levoglucosan yield while levoglucosenone -a less hydrated anhydrosugar -is favoured. Levoglucosenone was not detected in the presence of only Fe 3+ . Terakado et al. [17] compared the performance of ZnCl 2 , Zn(NO 3 ) 2 and ZnSO 4 and revealed that nitrate salts were thermally degraded at lower temperature than sulfate and chloride salts. Moreover, Terakado and co-workers assumed that nitrates and sulfates evaporate as NO x and SO x respectively. Differences induced by the use of nitrate or sulfate salts on the primary degradation mechanisms of impregnated wood have been studied by Mayer et al. [19] . However, no explanation was given to explain this difference. Some anions can also have a poisoning effect on catalyst. For instance, it has been shown that chlorides favour copper deactivation [20] upon heating.
The objective of this study was to investigate the pyrolysis of metal salt impregnated biomass. Indeed, the catalytic effect of cations on pyrolysis products remains unclear even if it seems that they promote especially anhydrosugar and gas formation. Seven metals -cerium, manganese, iron, cobalt, nickel, copper and zinc -were screened. Nitrates were chosen both to avoid catalyst poisoning and because they are easily removed at low temperatures during pyrolysis. Impregnation was carried out under vacuum, targeting constant molar contents of metals. Comparison of the pyrolysis product species and yields helped to better understand the catalytic effect of the impregnated metal salts by mainly focusing on both anhydrosugar and gas formation. The dispersion and the oxidation state of metal active sites in chars were investigated. Finally, a specific discussion is focused on nitrate evolution during pyrolysis and on its influence on product composition.
Materials and methods

Biomass and chemicals
Eucalyptus was selected for this study because of its low ash content which reduces potential undesirable catalytic effects during pyrolysis. Moreover eucalyptus is a fast-growing tree whose wood is commonly used as energy feedstock [21, 22] . Eucalyptus logs were purchased. Bark was removed. Logs were cut, grinded and sieved between 0.5 mm and 2 mm. Biomass was dried at least for 24 h at 105 • C before each experiment. The ultimate analysis of eucalyptus on a dry ash-free basis gave the following composition: C 47.9 wt.%; O 45.7 wt.%; H 6.1 wt.% and N 0.3 wt.%. The oxygen content was calculated by difference.
Ammonia, nitric acid and nitrate salts -
Aldrich. Salt purity was at least 97%.
Metal salt impregnation under vacuum
Two adsorption-impregnation methods -either at atmospheric pressure or under vacuum -have been compared in our team and published by Richardson et al. [23] . Impregnation under vacuum was selected in the present work since it was found to reduce both the required solution volume and operation duration. 38 g of dried biomass were immersed in 205 mL of nitrate solution. Some salts such as zinc and copper nitrates were more easily impregnated than iron nitrate. Thus, calibration curves were previously determined for each solution in order to target 0.65 mmol of cations per gram of dried biomass. The corresponding concentrations of the impregnation solutions are reported in Table 1 . The pH was considered as a key parameter as it acts on the biomass surface charges which are closely linked to the impregnation efficiency. In addition, a too low pH might degrade hemicelluloses and reduces the mass of organic matter to be valorised. Finally, low pH enhances the removal of ashes in biomass [13] , thus reducing at the same time undesirable catalytic effects. As a compromise, the pH was set at 1.9 by adding diluted nitric acid and/or ammonia. Biomass was maintained in the solution by a stainless grid, it was immersed in the salt solution during 25 min at 25 mbar and then 2 h at atmospheric pressure. After that, biomass was filtered and washed with 205 mL of demineralised water to remove unadsorbed cations. Then, the impregnated biomass was dried at 105 • C for at least 72 h. Metal concentrations were checked by ICP-MS.
A catalyst-free sample was also prepared for comparison purposes: biomass was immersed in 205 mL of demineralised water whose pH was adjusted at 1.9. The above-described protocol was also applied to this sample. 
Pyrolysis reactor
Pyrolysis experiments were performed at 500 • C in a tubular fixed bed reactor already described by Collard et al. [13] (Fig. 1 ). The carrier gas was N 2 at a flow rate of 41.7 NL/h. Oxygen content was lower than 0.1 mol% during pyrolysis. Biomass samples, first kept in a cooled chamber during pre-heating, were inserted for 12 min in the reactor with a stainless steel boat (length: 8 cm, mesh size: 200 m) connected to a stem. A resistive heater was placed at the end of the reactor to avoid early pyrolysis vapour condensation. The condensation train was composed of a condenser linked to a spherical flask immersed in a cooling bath connected to an electrostatic filter. Bio-oils were recovered in acetone. The temperature of the coolant was −15 • C. Both a glass ball trap and a silica gel trap were used to recover the remaining light pyrolysis vapours. The molecules adsorbed on the silica gel could not be recovered. Thus, the molecules in the glass ball trap were dissolved in acetone before GC-MS analysis and the composition was extrapolated to the silica gel trap. All the samples were stored at 4 • C in the dark in order to limit bio-oil ageing. Uncondensed gases were trapped in a sampling bag during pyrolysis and were analysed with a GC at the end of the experiment. Chars were recovered after cooling and were placed in a flask previously inerted with nitrogen before being weighed. Pyrolysis experiments were carried out at least twice in order to calculate mean values and to insure repeatability. The error bar extremities represent the minimum and maximum measured values.
Analysis
GC
After being collected in a sampling bag, gases were analysed with a GC (Agilent Varian CP-4900). N 2 , O 2 , H 2 , CO, CO 2 , CH 4 , C 2 H 4 and C 2 H 6 were analysed on two columns: Molsieve 5A and Poraplot Q. At least, five measurements were performed for each experiment in order to obtain average values. For each experiment, a good repeatability was obtained (error <0.1%). Gas mass could be calculated by comparison with nitrogen mass which was known.
Bio-oil analysis: GC-MS and Karl-Fischer
Bio-oils were analysed by both GC-MS and Karl-Fischer titration. The water yields in liquid samples were measured by Karl Fischer volumetric titration (Mettler Toledo). Comprehensive details on GC-MS analysis procedure have been previously published [13, 24] . Bio-oils were recovered from the condenser in acetone. 2 mL samples of diluted bio-oils were filtered at 0.45 m. 1 mL of solution was placed in a vial. 0.1 mL of an internal standard solution containing deuterated phenol, toluene and phenantrene -was added to the vial. Samples were analysed by gas chromatography (Agilent 6890 -GC column: DB-1701 (14%-cyanopropyl-phenyl)-methylpolysiloxane) coupled with mass spectrum detector (Agilent 5975). Molecules were identified by comparison with the NIST database. About 70 molecules have been previously calibrated: the response factors were calculated for each of the related peaks. A solution containing known amounts of LAC and DGP, provided by the University of Bologna, was used for calibration purposes.
A typical chromatogram with labelled peaks is shown in Fig. 2 . Table 2 presents a short list of the main molecules which were previously calibrated.
ICP-MS and ultimate analysis
Inductively coupled plasma mass spectroscopy and ultimate analysis were performed on the pyrolysis products to quantify their carbon, hydrogen, nitrogen and inorganic species contents.
For ICP-MS, about 500 mg of sample were required. The sample was ground at 500 m and immersed for 3 h in a boiling solution of aqua regia (hydrogen chloride and nitric acid, volumetric ratio 14:5). Solutions were filtered and diluted. Amounts of inorganic species were measured by ICP-MS.
For ultimate analysis, samples were finally burned at 960 • C in oxygen. Both CO 2 and H 2 O were trapped on a molecular sieve and NO x were reduced to N 2 thanks to a W-based catalyst. N 2 amounts were measured by a thermal conductivity detector (TCD). CO 2 and H 2 O were alternately desorbed to be quantified.
Knowing carbon, nitrogen, hydrogen and inorganic amounts in the samples, the oxygen content was calculated by difference.
Char analysis
Chars were analysed by TEM, XRD and XPS. For TEM analyses (TEM 1200EX2, 100 kV) the chars were ground and poured in a resin in order to be sliced (70 nm thick). Ground chars were also used for XRD analyses which were performed on a Philips X'Pert diffractometer using a copper radiation source (E K␣ (Cu) = 8050.9 eV). XPS analyses were carried out on 700 m × 300 m surfaces, using a Kratos Axis Ultra DLD spectrometer ( (E K␣ (Al) = 1486.6 eV) and spectra were recorded with a take-off angle of 90 • .
Expression of product yields on a "catalyst-free basis"
In order to be able to compare the results, product yields have to be calculated on a "catalyst-free basis", which means that the mass of metals and nitrates (or nitrate derivatives) must be subtracted from the mass of impregnated biomass and related chars. The present subsection describes the assumptions and calculations made, respectively for metals and nitrates. Biomass samples were impregnated with the aim of inserting constant molar quantity of cations. It can be noticed that impregnation efficiency depends on the nature of the salt. Indeed, in spite of precautions taken during impregnation the iron, copper, cerium and cobalt contents in biomass measured by ICP-MS were lower than expected (Table 3 ). These discrepancies confirm that it is preferable to make systematic corrections, from the actual ICP-MS analyses. Additional, ICP-MS measurements (not reported) revealed that more than 95% of the metal remained in the chars after pyrolysis. Thus the mass of impregnated metal was finally deducted from both the mass of biomass and char.
High nitrogen contents -revealed by ultimate analyses -proved that nitrates were partially impregnated in biomass. However, the highest nitrate amounts were detected in biomass impregnated with trivalent salts -iron and cerium -while very low nitrate amount was impregnated in the copper-based sample. Interestingly, elemental analyses also revealed higher nitrogen amounts in impregnated chars in comparison with metal-free samples, which can be attributed to the presence of nitrate-derivatives in char. However, their actual form is not exactly known. The thermal degradation of metal nitrates in inert atmosphere has been broadly studied in the literature [25] [26] [27] [28] [29] [30] [31] and it was found that nitrates were removed as NO x between 150 and 300 • C. Similarly to the thermal decomposition of nitrocellulose -cellulose doped with nitric acid -it might be assumed that those NO x are mainly NO 2 [32] . Since carbon-based materials are efficient adsorbents [33] , the extra-nitrogen measured in chars might therefore originate from the partial adsorption of NO 2 on the carbonaceous material [34] ( Table 3) . This assumption will be further discussed in Section 4.3.
Based on elemental analyses, the amount of impregnated nitrates and adsorbed NO 2 were calculated as follows (cf. Nomenclature):
Finally, product yields were calculated on a catalyst-free basis as follows: Y (organic fraction) = m organic fraction
The molar yields of each chemical species "a" -referring to CO 2 , CO, H 2 , CH 4 , C 2 H 4 or C 2 H 6 -were calculated, on a catalyst-free basis, as follows:
3. Results
Pyrolysis products derived from metal nitrate impregnated biomass
In this section, pyrolysis yields are presented and expressed on a "catalyst-free basis". As far as nitrate salts were supposed to catalyse mainly anhydrosugar and gas formation, the corresponding yields were thus discussed in more details.
Pyrolysis yields from impregnated biomass
Product yields -calculated on a "catalyst-free basis" -are reported in Fig. 3 . Mass closure was higher than 94% for all experiments, thus confirming that major part of pyrolysis products was recovered. Metals were found to enhance char formation: by +20% on average, in comparison with a catalyst-free sample. Char yields were higher with cerium, manganese and zinc in comparison with nickel and copper. It was also noted that gas formation was significantly increased with metals: gas yield increased from +25% for Zn-sample, up to +55% for Ni-sample, in comparison with a catalyst-free sample. Interestingly, the lowest organic fraction yield and highest gas yield were obtained with nickel. This demonstrated that nickel is an active catalyst for cracking reactions. Water production was only slightly favoured by metals except in the case of copper (yielding a slightly lower water content).
Catalytic effects of metal salts on bio-oil compositions
Bio-oils are complex mixtures of organic molecules and water. 70 organic species -such as anhydrosugars, acids, furans, ketones, alcohols and phenol derivatives -were quantified in bio-oils; they represent more than 40% of water-free bio-oil, in agreement with typical bio-oil analysis [35] . High yields of anhydrosugars, acids, furans, aldehydes and ketons were obtained whereas few phenol derivatives -phenols, guaiacols and syringols -were detected. Metals were found to have a huge catalytic effect on anhydrosugar yields.
Levoglucosan, LAC, DGP and levoglucosenone are the most classically reported anhydrosugars [36] [37] [38] (Fig. 4) . LAC -which is not in the NIST list -was identified by using the spectra published by Fabbri et al. [38] . 
Yields (%mass.)
Chars Organic fracƟon Water Gases High levoglucosan yield was obtained in the bio-oil derived from catalyst-free biomass (Fig. 5) . Iron, zinc, cobalt, cerium, nickel and manganese were found to inhibit levoglucosan formationdecrease by 54% on average in comparison with a catalyst-free sample -while copper had no effect. LAC was highly favoured by zinc, cobalt, manganese, nickel, cerium and, to a lesser degree, iron. Very few LAC was produced with copper. Those results fit those of Furneaux et al. [36] who reported that LAC was catalytically produced by soaking cellulose with MnCl 2 , FeCl 3 , CoCl 2 , NiCl 2 and ZnCl 2 while it was not formed with CuCl 2 . This point will be discussed in Section 3.2.1. High LAC yield was also obtained by Jakab et al. [10] from zinc acetate impregnated cellulose, thus confirming the key role of the cation for enhancing LAC formation. Three times more DGP was produced in the presence of copper and zinc in comparison with catalyst-free samples. It has to be noticed that levoglucosenone was not detected in bio-oils, the possible reasons will be discussed in Section 4.4.
The highest yields of monomeric anhydrosugars were obtained with Zn(NO 3 ) 2 and Co(NO 3 ) 2 . Thus, these salts seemed to be very efficient towards cellulose depolymerisation. On the contrary, depolymerisation seemed to be inhibited by Fe(NO 3 ) 3 . The observed changes in LAC quantity -which contain an unusual lactone group -suggested that depolymerisation occurred differently in the presence of zinc, cobalt, nickel, manganese and cerium. Impregnated nitrate salts have very low impact on acid and furan yields. In spite of high peak intensity (Fig. 2) , furfural yields remain quite low -about 0.5 wt.% on a catalyst-free basis -whatever the catalyst. At first sight, this result does not fit those of Di Blasi et al. [39] reporting a high catalytic effect of ZnCl 2 towards furfural formation from impregnated fir wood. This difference might be explained by the chemical differences between hemicelluloses from softwood and from hardwood and by the fact that a too high ZnCl 2 amount can reduce the catalytic effect [14, 39] .
Gas yields
All the tested metal catalysts were found to favour gas formation ( Fig. 3 ). Gas yields reported in Fig. 6 are given on a molar basis in order to help the comparison of light gas yields. It has to be noticed that CO 2 yields roughly doubled in the presence of all catalysts, especially with manganese, nickel and cerium. This important result fits those of Collard et al. [13] who obtained a similar increase by impregnating Fe(NO 3 ) 3 and Ni(NO 3 ) 2 in biomass constituents at 600 • C. Surprisingly, ZnCl 2 and CoCl 2 salts were found to reduce CO 2 formation [7, 14] , thus suggesting that nitrates and chlorides play different roles on CO 2 formation. This will be discussed in Section 4.2.
Hydrogen yields were strongly enhanced by transition metals whereas very low amount of H 2 was produced with cerium. Whatever the considered transition metals, an increase of H 2 yield was associated to an increase of CO yield. Nickel was found to be the most efficient catalyst for producing both CO and H 2 . This fits the results of Richardson et al. [6] who selected nickel to favour syngas formation. Whatever the selected catalyst, methane formation was found to slightly decrease in the presence of a catalyst.
Nanoparticle formation in chars
Metals -which have a catalytic effect on the formation of pyrolysis products -remain in chars after pyrolysis. Thus, TEM, XPS and XRD analyses were carried out on those chars to better understand their catalytic role during pyrolysis. 
Presence of nanoparticles in chars
Nanoparticles were detected by TEM in all the chars derived from catalyst-impregnated biomass. Micrographs of chars containing nickel-, cerium-and copper-based nanoparticles are shown in Figs. 7-9 respectively. Nickel nanoparticles (Fig. 7) were very well dispersed in the char although cerium-based nanoparticles (Fig. 8) were not so uniformly distributed within the char matrix.
Very tiny nanoparticles were formed in all chars at 500 • C. Their mean diameters, measured on TEM micrographs, were close to 5 nm for cerium, cobalt, iron, manganese, nickel and zinc (Table 4 ). Similar dimensions were reported by Richardson et al. [6] for nickel nanoparticles obtained at 500 • C. In the case of copper, a large particle size distribution was observed, ranging from 5 nm to 65 nm. The larger particles were formed by aggregation of small ones (doted circle in Fig. 9 ), in accordance with Twigg and Spencer [20] who claimed that copper more likely than iron, nickel and cobalt tends to aggregate when heated.
From a catalytic point of view, both the dispersion and size of active sites are key parameters. As copper nanoparticles were found to be sensitive to aggregation, a lower catalytic activity was expected for copper. Interestingly, copper was the only catalyst which did not enhance LAC formation. Thus, the low activity of copper catalyst towards LAC formation might be explained by its rapid deactivation -by aggregation -during pyrolysis. It confirms the results obtained by Fabbri et al. [38] who emphasised that the nanosized characteristics are a key parameter to promote LAC production.
Metal oxidation state
Knowing the oxidation states of the catalytically active sites is of great importance to better understand the catalytic activity of the formed metal-based nanoparticles. Thus, both XRD and XPS were carried out in chars recovered after pyrolysis.
Crystallites were clearly detected by XRD in nickel and copperbased chars (Fig. 10) , although no XRD signal was detected with others metals. We concluded that the nanoparticles observed in the cerium, manganese, iron, cobalt and zinc-based samples were amorphous. Both copper and nickel nanoparticles were in a metallic state (Cu 0 and Ni 0 ). Those results are in good accordance with those obtained by Terakado et al. [17] who showed that mixture of nickel and copper nitrate salt with wood leads to the formation of metallic nickel and copper nanoparticles. Richardson et al. [6] have shown that Ni(NO 3 ) 2 was first thermally degraded to NiO. Then the char might act as a reducing agent and lead to the reduction of NiO to Ni 0 between 400 • C and 500 • C. It is likely that Cu 0 nanoparticles were formed in the same way. H 2 and CO -produced in large quantity with both copper and nickel -might strengthen the reduction process.
XPS analyses have been performed on all the chars. XPS spectrum of the zinc-derived char is presented in Fig. 11 . Very low XPS signal intensities were observed with chars containing cerium, manganese, iron, nickel, copper and cobalt. XPS analysis only provided information on the oxidation states of metals which were at the char surface. Thus, low XPS signal intensities might be due to the partial overlaying of metal by carbon deposit for mentioned chars. XPS spectrum of zinc derived chars ( Fig. 11 ) fitted those obtained by Marrani et al. [40] and confirmed the presence of ZnO on the char surface. Thus, zinc oxidation state is still Zn(II), revealing that char reduction effect did not occur in this case. It was not possible to determine the oxidation states of metals such as cerium, manganese, iron and cobalt in chars. However, regarding others works on the thermal degradation of metal nitrate salts in oxygen-free atmospheres, it might be considered that nanoparticles of CeO 2 [25] , MnO 2 [31] , Fe 2 O 3 [30] and Co 3 O 4 [27] were formed in chars. However, possible reduction of those oxides by chars was likely.
Discussion
It is well-known that cations have a catalytic effect on pyrolysis products, however anions were also suspected to play a role during pyrolysis. This section investigates nitrate behaviour and their potential role on CO 2 and levoglucosenone formation. The choice of an effective catalyst able to enhance LAC formation is also discussed. Fig. 11 . XPS spectrum of the zinc-derived char. The high nitrogen amounts detected in chars were supposed to correspond to adsorbed NO 2 (Table 3 ). However, the low amount of adsorbed NO 2 in comparison with the nitrate content in biomass suggested that gaseous NO 2 or other nitrogen-containing species were produced. As molecules containing nitrogen such as pyridine were not detected in bio-oils, it was assumed that gaseous NO 2 was released during pyrolysis. Gaseous NO 2 yields were calculated using Eq. (8) . Results are reported in Table 5 .
Very small amount of gaseous NO 2 was produced during pyrolysis of copper impregnated biomass and the highest NO 2 amounts were released from cerium and manganese-samples. The ironchars were found to adsorb the highest quantity of NO 2 .
Exogenous CO 2 formation
Gaseous NO 2 is known to be a strong oxidant. As a consequence, exogenous CO 2 might be formed through direct carbon oxidation already at 300 • C, as described by Jeguirim et al. [34, 41] (Eq. (9)).
In order to estimate the exogenous CO 2 yields, gaseous NO 2 was supposed to be totally converted to CO 2 (Eq. (10)). The estimated ratios of exogenous CO 2 are reported in Table 6 .
Those results demonstrate that nitrate degradation during pyrolysis might impact on CO 2 yields. Hence, CO 2 yields were probably slightly overestimated specifically for cerium, manganese, iron, nickel and to a lesser extent for cobalt and zinc. The CO 2 yield for copper was not altered because of the very low nitrate amount in the biomass. Although nitrates can be removed at lower temperatures than other anions, the use of nitrate salts probably affect gas yields.
NO 2 adsorption on chars
Ultimate analysis of chars revealed that chars derived from impregnated biomass contained more nitrogen than catalyst-free samples. Similar results were obtained by Terakado et al. [17] when operating thermal degradation of metal nitrates doped biomass. Although the formation of gaseous NO 2 during nitrate thermal degradation is well documented [17, 32] , little is known about the nitrogen species retained in chars at high temperatures. As far as carbonaceous matrixes are efficient adsorbents [33] , it can be assumed that extra-nitrogen in chars is due to NO 2 adsorption. Although it has been shown that physisorbed NO 2 in chars was released at 110 • C [34], Zawadzki et al. [42] demonstrated that NO 2 can be also chemisorbed on char surface and form different adsorbed species. Interestingly, although some species might desorb at 300 • C, others are very stable and might remain in chars at 500 • C. However, all the adsorbed species should decompose completely at 600 • C. Further work is needed to confirm these hypotheses.
Suspected role of anion on levoglucosenone formation
As reported in Section 3.1.2, levoglucosenone (anhydrosugar) was never detected in the bio-oils produced in this work. We can thus conclude that the nitrate salts (such as Fe(NO 3 ) 3 or Zn(NO 3 ) 2 ) do not catalyse its production. However, levoglucosenone formation was reported by Branca et al. [14] , Klampfl et al. [43] and Dobele et al. [18] when using ZnCl 2 , FeCl 3 and Fe 2 (SO 4 ) 3 catalysts, respectively. This reveals that anions seem to play a major role in the formation of levoglucosenone. It is generally assumed that the thermal depolymerisation of cellulose yields anhydrosugars between 300 • C and 390 • C [44] . Interestingly, nitrates are removed just before reaching this temperature while sulfate or chloride remain in biomass until 400 • C at least [17] . This could explain the role of both chlorides and sulfates towards levoglucosenone formation whereas nitrates are released before cellulose depolymerisation.
Selection of a relevant catalyst to enhance LAC formation
LAC (1-hydroxy-(1R)-3,6-dioxabicyclo[3.2.1]octan-2-one) was first identified in bio-oils derived from metal chloride impregnated cellulose [36] . Two decades later, LAC was also obtained from cellulose mixed with aluminium titanate nanopowders [38] . The nanosized characteristic of the catalyst was pointed out as a key factor to enhance its production. In the present work, analyses performed on chars confirmed the tendency of impregnated salts to form nanoparticles during pyrolysis, thus giving a possible way to understand and favour the production of LAC. Among the tested salts, zinc nitrate seemed to be the most active catalyst towards LAC formation. The highest catalytic activity of zinc acetate compared to calcium acetate has already been reported by Jakab et al. [10] . We should also emphasise that the selected catalyst should not deactivate at elevated temperature. Unfortunately the deactivation temperatures can hardly be determined for metal impregnated biomass. Although nitrate, chloride and acetate salts were found to favour LAC production [10, 36] further work is needed to compare these salts in terms of catalytic activity and stability.
Conclusions
The objective of this study was to investigate the catalytic effect of salts impregnated in biomass paying attention to the potential role of nitrates on pyrolysis products. Seven salts -Ce(NO 3 ) 3 , Mn(NO 3 ) 2 , Fe(NO 3 ) 3 , Co(NO 3 ) 2 , Ni(NO 3 ) 2 , Cu(NO 3 ) 2 and Zn(NO 3 ) 2 -were successfully impregnated under vacuum to obtain constant molar amounts of cations. Impregnated biomass were pyrolysed under similar operating conditions. Mass balance closures were higher than 94%.
Huge changes were measured on anhydrosugar yields in biooils, depending on the selected catalyst: LAC production decreased in the following order: Zn > Co > Ni, Mn > Ce > Fe. However, only small LAC amounts were produced from copper impregnated biomass. TEM observations were performed on chars to explain the low activity of copper catalyst towards LAC formation. It was found that metal nanoparticles were formed in all the chars but that copper ones deactivate by aggregation.
Nitrate evolution during pyrolysis was investigated. Both the impregnated biomass and the derived chars were found to contain extra nitrogen due to nitrate impregnation. High nitrogen amounts in chars suggested that NO 2 , resulting from the thermal degradation of nitrates, was released and partially chemisorbed on chars even at elevated temperatures. A huge increase of CO 2 formation was evidenced for all catalysts compared to catalyst-free samples. Although gaseous NO 2 -which is a strong oxidant -might contribute to exogenous CO 2 formation even at 300 • C, only less than 15% of CO 2 was found to be exogenous.
To conclude, metal nitrate salts might be impregnated in biomass to control both anhydrosugar and CO 2 formation. Zinc and cobalt can be used to enhance LAC production while manganese, nickel and cerium are more suitable to catalyse CO 2 formation which might be a recommended pathway to promote de-oxygenation of bio-oils. More attention has to be paid on the possible impacts of anion during pyrolysis.
